Motivation: In the evolution of species, a kind of special sequences, termed ultraconserved sequences (UCSs), have been inherited without any change, which strongly suggests those sequences should be crucial for the species to survive or adapt to the environment. However, the UCSs are still regarded as mysterious genetic sequences so far. Here, we present a systematic study of ultraconserved genomic regions in the budding yeast based on the publicly available genome sequences, in order to reveal their relationship with the adaptability or fitness advantages of the budding yeast. Results: Our results indicate that, in addition to some fundamental biological functions, the UCSs play an important role in the adaptation of Saccharomyces cerevisiae to the acidic environment, which is backed up by the previous observation. Besides that, we also find the highly unchanged genes are enriched in some other pathways, such as the nutrient-sensitive signaling pathway. To facilitate the investigation of unique UCSs, the UCSC Genome Browser was utilized to visualize the chromosomal position and related annotations of UCSs in S.cerevisiae genome. Availability and implementation: For more details on UCSs, please refer to the Supplementary information online, and the custom code is available on request.
Introduction
The budding yeast Saccharomyces cerevisiae is a unicellular eukaryotic organism in close connection with human societies, and it exists in diverse niches across the world (Mortimer, 2000) . Due to the geographic isolation, S.cerevisiae has gradually evolved into six main populations (North American population, Malaysian population, West African population, sake population, wine/European population and human-associated population, respectively) after a long evolutionary process (Liti et al., 2009; Pi skur et al., 2006) . According to the pathogenicity, they are generally distinguished into clinical and nonclinical strains. The clinical strains are isolated clinically from facultative infections of immuno-compromised individuals and regarded as being an emerging opportunistic fungal pathogen (Miceli et al., 2011) . It has been reported that clinical isolates are quite diverse and extensively distributed in different S.cerevisiae populations (MacKenzie et al., 2008) . The nonclinical strains are isolated from natural habitats, such as soil, fruits, trees and other nonclinical environments (Kvitek et al., 2008) . S.cerevisiae has been one of the most intensively studied eukaryotic model organisms for some specific advantages. However, what has been stably inherited from the last ancestor in such an evolutionarily diverged species is still quite vague at the sequence level.
As the hallmark of comparative genomics, evolutionary conservation has been regarded as the indication of important biological function. Substitutions at evolutionarily conserved regions are more deleterious than those at unconserved regions (Leabman et al., 2003) . In the post-genomic era of today, ultraconservation starts to become a focus of attention. The ultraconserved sequences (UCSs) refers to these sequences conserved among at least two genomes without any substitutions, insertions, or deletions. In 2004, four hundred eighty-one long UCSs were firstly identified by comparing the reference genomes of human, mouse and rat, and these sequences were enriched in the specific functional categories of genes (Bejerano et al., 2004) . Generally speaking, ultraconservation of genomic sequences is thought to imply evolutionary importance as these regions appear to have experienced strong negative selection for millions of years (Chen et al., 2007; Drake et al., 2006; Katzman et al., 2007) . Though studies have been performed to get insight into the UCSs in some interspecific organisms during the past several years, UCSs are still regarded as mysterious genetic sequences (Pennisi, 2017) . As Derti et al. pointed out, UCSs might confer certain specific fitness advantages to a species (Derti et al., 2006) . As a fungus, the budding yeast S.cerevisiae has extraordinary ability to sense and respond to changes in its surrounding environment, such as temperature, water balance, pH value, or exposure to chemical insults (Brown et al., 2017) . However, it is hard to find any research about the potential role of UCSs in the adaptation of S.cerevisiae to adverse environment. To date, the genomes of more than 150 S.cerevisiae strains have been sequenced, especially in the last two years (Strope et al., 2015) , which creates a favorable condition for performing deeper and more meticulous studies on the UCSs. Hence, we performed this research in order to gain some clues about which biological functions are closely related to these sequences in the budding yeast S.cerevisiae.
Materials and methods

Genomic sequences
We retrieved 94 complete and well-annotated genome sequences of the budding yeast S.cerevisiae (Supplementary Table S1 ) with high genome integrity (>99%) from the NCBI FTP site (ftp://ftp.ncbi.nih. gov/genomes/all/), and all these retrieved data were available as of August 2016. All these strains are originated from geographically diverse locales, including 26 countries and 14 states of the United States, which represents an extensive geographic distribution. In order to facilitate the following analyses, we unified each sequence header of every strain genome according to their corresponding identifiers, strain name and chromosome, and also regenerated GFF3 annotations and protein sequences for each strain based on the gbff formatted annotation files by BioPerl Script.
Construction of phylogenetic tree
Orthologous groups among the genomes of 94 S.cerevisiae strains were identified using the OrthoMCL software (Li et al., 2003) . Orthologous groups with paralogs or missing gene were discarded. Then, all these genes within remaining orthologous groups were concatenated into a single sequence for every strain. To obtain a reliable alignment, the MAFFT program was used to align these concatenated sequences (Katoh et al., 2013) . Finally, the RAxML program (Stamatakis, 2014 ) was adopted to construct the maximum likelihood (ML) phylogenetic tree with 100 bootstrap replications and the phylogenetic tree was displayed by MEGA6 (Tamura et al., 2013) .
Identification of UCSs
Firstly, we split each genome of 94 strains, respectively, into 16 separate chromosome sequence files. And then, a robust software program CONSERV (Goto et al., 2007) was adopted to identify these UCSs (!100 bp) from 94 corresponding chromosomes across genomes of all strains until UCSs of all the 16 chromosomes were identified. This program employed the construction algorithm of Ukkonen's linear-time suffix tree and generalized suffix tree data structure (Ukkonen, 1995) to identify the UCSs. Then, a custom PERL script was used to filter out those repeated sequences to obtain unique UCSs. Finally, the chromosomal location of UCSs, sequence length and hosted gene are extracted by another custom PERL script according to the output information of CONSERV program (Goto et al., 2007) . All these unique UCSs were also separately aligned by BLAST (Altschul et al., 1990) to the genomes of several other species (S. boulardii, S. dairenensis and S. eubayanus, respectively) with complete genome sequences in Saccharomyces genus to estimate whether these sequences were species-specific. In order to make clear if the proportion of UCSs would be continuously decreasing with an increase in the number of strains evaluated, we detected the UCSs among the randomly selected strains with the numbers from 2 to 94 (random sampling was repeated 20 times for each number of strains), and performed the nonlinear regression analysis using the 'optimize.curve_fit' function in the SciPy library of Python (www. scipy.org/scipylib; accessed 30 June 2016). And then, we separately graphed the number and the total length of UCSs as the fitting functions of the number of strains.
Highly unchanged genes (HUGs)
By a custom PERL script, highly unchanged genes (HUGs) were determined, and the total length of UCSs in HUG accounts for no less than 50% of gene length. Furthermore, we identified these HUGs shared by essential genes by BLAST (Altschul et al., 1990) searching against the Database of Essential Genes (Gao et al., 2015; Luo et al., 2013) that was constructed and constantly updated by our laboratory at the Tianjin University BioInformatics Center (TUBIC). In addition, we also estimated the conservation of genomic position and orientation among these HUGs, and plotted these information by R program to show their distributions.
Functional intergenic DNA within UCSs
The Rfam is a collection of ncRNA families and other structured RNA elements (Griffiths-Jones et al., 2005) . We searched these UCSs of intergenic regions against Rfam database by cmscan program (based on the GA threshold model) of Infernal version 1.1.1 (Nawrocki et al., 2013) to detect the ultraconserved ncRNAs. Moreover, we also searched these UCSs against all the S.cerevisiae JASPAR matrix models of transcription factor binding sites (TFBS) in the JASPAR database by the position weight matrices (PWMs) with similarity more than 0.99 (Wasserman et al., 2004) .
Gene functional annotation
In this study, the strain YJM1573 was served as a reference, and we re-annotated its protein-coding genes using the latest functional information as follows. Firstly, the InterProScan (Quevillon et al., 2005) was used to annotate the Gene Ontology (GO) terms and the predicted Interpro (IPR) domains. Secondly, the online KEGG Automatic Annotation Server (KAAS) was used to perform the pathway assignment based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg) (Moriya et al., 2007) . Finally, the BLASTx (Altschul et al., 1990) was employed to carry out the KOG annotation against the Clusters of Orthologous Groups of proteins (COG) database (http://www.ncbi. nlm.nih.gov/COG/) (Tatusov et al., 2003) with an E-value cut-off of 1e À5 .
Functional enrichment analysis
A standard procedure EnrichPipeline (Beissbarth et al., 2004; Huang et al., 2009 ) was adopted to conduct the enrichment analysis of GO term/IPR domain/KEGG pathway. This procedure would automatically estimate the gene set enrichment results by Chi-square test and Fisher exact test, and adjust the P-values by the default method fdr for the false discovery rate. Here, we take 0.05 as cutoff of adjusted P-values for statistical significance.
Results
Phylogenetic tree of 94 budding yeast strains
By the OrthoMCL clustering (Li et al., 2003) , we obtained a total of 2445 orthologous groups without paralogs or missing gene among the 94 budding yeast strains. Based on the alignment of concatenated genes, a phylogenetic tree was constructed and shown in Figure  1 , in which there are several obvious different clusters and clinical isolates were extensively distributed in different clusters, consistent with the previous reports (MacKenzie et al., 2008; Strope et al., 2015) .
UCSs and HUGs
Consequently, there are 6778 unique UCSs detected in total. Supplementary Figure S1 shows the length distribution of UCSs, which concentrates in the range of length from 100 to 200 bp. Supplementary Figure S2 shows the percentage of UCSs in every window's region (window size, 10 kbp; step size, 10 kbp) of the budding yeast S.cerevisiae genome. In fact, all these UCSs are homologous because not only these UCSs are unique in chromosomal sequence of every strain, but also the corresponding UCSs in all strains are hosting in the homologous genetic or intergenic region. As to species specificity, we found only one species (S. boulardii) of three other species in Saccharomyces genus contains most (> 99%) of unique UCSs identified in S.cerevisiae. In fact, S. boulardii was also usually called S.cerevisiae var boulardii, sharing >99% genomic relatedness with S.cerevisiae, although it has been characterized as a novel species of genus Saccharomyces (Khatri et al., 2017) . By the regression analysis, we find that the number of UCSs indeed has no longer been decreasing when the number of strains evaluated is less than 94 ( Supplementary Fig. S6 ), and we also find that the total length of UCSs accesses to an asymptotic value (Supplementary Fig. S7 ), which is roughly equivalent to the total length of UCSs we have identified above in all the 94 strains. These results strongly indicate that the intraspecific conservation of all these UCSs is very convincing. Based on these UCSs, 124 HUGs were determined, and their related information was available in the Supplementary Table S2 . As reported by Kang et al. (2014) , we find these HUGs are not only conserved in sequence themselves, but also conserved in their genomic position and orientation, suggesting HUGs serve as the genome organizational frameworks of S.cerevisiae ( Fig. 2; Supplementary Fig. S8 ).
Results of GO enrichment analysis in HUGs
We can see that, in addition to the highly conservative requirement of some basic biological functions, the ATP-driven proton transport, including 'ATP hydrolysis coupled proton transport', 'proton-transporting two-sector ATPase', 'proton-transporting V-type ATPase' and 'hydrogen ion transmembrane transporter', also presents to be highly conservative ( Supplementary Fig. S3 , Supplementary Table  S3) . Presumably, this type of biological functions is likely to involve in the excellent and stable adaptability of S.cerevisiae to the acid environment. Moreover, the biological processes related to the directed movement of substances, such as 'cytoplasmic transport', also show a high degree of conservation, implying that these functions might be crucial to S.cerevisiae.
Results of KEGG enrichment analysis in HUGs
There are nine KEGG pathways significantly enriched in 124 HUGs, which include some basic biological pathways (Fig. 3a, Supplementary  Table S4 ), such as 'Transcription', 'Translation' and 'Energy metabolism'. And notably, there are also some special pathways possibly related to the environmental adaptability. Here, we mainly focus on two types of KEGG pathways as follows. 
Collecting duct acid secretion
The growth environment of S.cerevisiae is usually acid but it will be toxic to yeast if the environmental pH is too low. Meanwhile, the budding yeast prefer fermentation to aerobic respiration in the presence of abundant oxygen (Cascante et al., 1995) , which would produce a large amount of phenolic compounds and other components. However, according to what Querol et al. described, the toxicity of acid would be exacerbated by those phenolic compounds and other components (Querol et al., 2003) . Interestingly, we found the collecting duct acid secretion pathway was significantly enriched, and this pathway was mainly responsible for the acid secretion via Hþ-ATPase (Wagner et al., 2009 ). As mentioned above, the biological process 'ATP-driven proton transport' was also significantly enriched in 124 HUGs. Obviously, the budding yeast S.cerevisiae has adapted to survive and dominate its environment by actively stabilizing the pH value of intracellular environment though it often encountered such harsh conditions. So the high conservation in this pathway makes the acid secretion mechanism operate normally and consistently, which provides guarantee for survival and growth in acid environment.
mTOR signaling pathway
The mTOR is a protein Ser-Thr kinase that functions as a central element in the nutrient-sensitive signaling pathway (Yonezawaa, 2004) . The ortholog of mTOR is firstly discovered in S.cerevisiae, where it is responsive primarily to the nutrient sufficiency (Jacinto et al., 2003) . Jacinto et al. (2008) have reported that the mTOR signalling pathway represents a conserved mechanism, by which the yeast cells can actively respond to nutrients. We also find that there is a high proportion of UCSs in the related genes of this pathway, suggesting that the actively sensing nutrients around is very important to the yeast S.cerevisiae.
Results of IPR enrichment analysis in HUGs
The significantly enriched IPR domains could be divided into two main categories, the ATPase and small GTPase superfamily, respectively ( Supplementary Fig. S4, Supplementary Table S5 ). It has been reported that ATPase is a membrane-bound enzyme complex/ion transporter hydrolyzing ATP to drive the transport of protons across membrane (Rappas et al., 2004) , and small GTPases is an independent superfamily including eight different families (Bourne et al., 1990) . In small GTPase superfamily, three families (SAR1, Rab and ARF) related to the vesicular traffic (Paduch et al., 2001 ) are significantly enriched. Previous study shows that the GTPase superfamily possess a common, structurally preserved GTP-binding domain, which is conserved with the similarity of 30-55% in different species (Valencia et al., 1991) , and less conservative than the intraspecific small GTPases in S.cerevisiae. In short, the highly conserved proton transport and vesicular traffic strongly support the results of KEGG and GO analysis as described above.
Analysis of ultraconserved intergenic regions
The interaction between transcription factors (TFs) and TFBSs is the most important mechanism of gene regulation. We identified a total of 1470 TFBSs in ultraconserved intergenic regions, but there is no any significantly enriched results in TFBS-regulated genes. Hence, we further conducted the BLAST search (Altschul et al., 1990) of TFBS-regulated genes against KOG database, finding that top three mapped categories are the R (General function prediction only), U (intracellular trafficking, secretion and vesicular transport) and J (translation ribosomal structure and biogenesis), respectively (Fig.  3b) , consistent with above analysis of HUGs. As to ncRNA, it is a type of functional non-coding transcript that plays an important role in the regulation of gene expression. Highly conserved ncRNAs are thought to be the molecular fossil of RNA world (Jeffares et al., 1998) . However, there is no any ultraconserved ncRNA, which is consistent with the previous report that ncRNAs often conserve a base-paired secondary structure with low primary sequence similarity (Griffiths-Jones et al., 2005) .
Results of enrichment analysis within essential HUGs
Essential genes have been considered as the foundation of cellular life (Luo et al., 2015) . These genes generally encode proteins to replicate DNA, maintain central metabolism and basic cellular structure, translate genes into proteins and others. As reported by Zhang et al. (2016) , most genes are not essential but convey selective advantages to increase fitness. Consistent with this, only about forty percent of HUGs belong to essential genes and all these significantly enriched GO terms of essential HUGs are just related to the basic biological functions ( Supplementary Fig. S5 , Supplementary Table  S6 ).
Discussions
In the past 10 years, studies have shown that the UCSs of interspecific animals play important roles in the regulatory mechanisms as transcription factors and developmental regulators (Dimitrieva et al., 2012) , and about eighty percent of these UCSs are located in noncoding regions (McCole et al., 2014) . The noncoding regions are generally related to transcriptional cis-regulation (Pennacchio et al., 2006) , and the coding regions are believed to play important roles in post-transcriptional regulation, such as mRNA processing and alternative splicing (Lareau et al., 2007) . Here we analyze the intraspecific UCSs originated from the budding yeast genomes of 94 different strains and find that only about 5% of UCSs are predicted not to encode any protein, which is possibly due to the following reasons. Firstly, noncoding regions only account for about 35% of S.cerevisiae genome (>98.5% of human genome) (Lander et al., 2001) . Secondly, unlike inter-species, ultraconservation of coding regions in intra-species is more likely to be required to serve for some important species-specific functions. Finally, unlike the high eukaryotes (human, rat and others), there is no such complex regulatory mechanisms in fungi, such as the budding yeast S.cerevisiae.
In this study, GO/IPR/KEGG enrichment analyses of HUGs and KOG classification of TFBS-regulated genes uncover a strong requirement to the high conservation in the mechanisms of acid secretion as well as sensing and transport of nutrients. It has been reported that the pH value in the environment is very crucial for the yeast survival and growth (Burtner et al., 2009) , and the budding yeast S.cerevisiae usually grows best in the acidic environment with the pH value from 4 to 5. The yeast S.cerevisiae is able to acidify its surrounding environment by activating the proton ATPase and secreting organic acids, which creates an electrochemical gradient driving the uptake of essential nutrients by intracellular transport system and also realizes the regulation of intracellular pH (Sigler et al., 1981) . Hence, with the above conserved mechanism, the yeast S.cerevisiae is more likely to reliably cope with the adverse environmental conditions.
In conclusion, we have identified all intraspecific unique UCSs of the budding yeast S.cerevisiae that are no less than 100 bp. Our analyses suggest that S.cerevisiae has developed some highly conserved molecular mechanisms for coping with harsh conditions, especially the acidic environment. In order to facilitate the investigation of UCSs, the UCSC Genome Browser was utilized to map all the unique UCSs in S.cerevisiae s288c strain genome (Supplementary  Table S7 ). And the related information of unique UCSs, mainly including the strain name, chromosome coordinates of UCSs and their hosted genes, and the sequences of UCSs, has been summarized in Supplementary Table S8 . We hope this research will facilitate and encourage further studies in the stable adaptation mechanisms of S.cerevisiae in order to make good use of the budding yeast in the industrial production, environmental protection or otherwise.
